The U.S. Congress has passed. legslation requiing the EPA to implement screening tests for identifying endocrine-disrupting chemicals. A Similar methods in teleosts may be useful as screens, but would require indicators of tissue production of thyroid hormones. The use of tadpole metamorphosis as a screen may also be useful; however, this method requires validation and standdization prior to use as a broad-based screen. Key work developm entl toxict, endocrie disruptors, ne ioral txi, screens, thyroid hormone, thyroid hormone receptors. Environ Health Psptect 107:407415 (1999) . [Online 8 April 1999] bttp//eIbpnetl.niebs.nib.gov/docs/19991 07p407-415devitolabstract./btl Endocrine disruption has emerged as an environmental issue based on the hypothesis that exposure to certain environmental chemicals alters the endocrine system, and increases the incidence of endocrine diseases and disorders and adversely affects development in both humans and wildlife (1) (2) (3) . Although research evaluating this hypothesis is ongoing, there are thousands of synthetic and naturally occurring chemicals that must be considered. The development of screening methodology for endocrine-disrupting chemicals (EDCs) would enable researchers to narrow the focus of their research efforts (3) . In the United States, screening for EDCs was recently mandated by congressional legislation in the Food Quality Protection Act of 1996 (Public Law and the Safe Drinking Water Act of 1996 (Public (4) . A series of workshops sponsored by the Chemical Manufacturers Association, the EPA, and the World Wildlife Fund focused on the development of screens for endocrine-disrupting chemicals for both humans and wildlife (5, 6) . The following report is a consensus from the workshop entitled Screening Methods for Chemicals That Alter Thyroid Hormone Action, Function, and Homeostasis, held at Duke University, Durham, North Carolina, 20-23 June 1997 .
The workshop focused on more than 20 assays or test systems that have been used to examine chemicals which alter synthesis, storage, transport, and catabolism of thyroxine (T4) and 3,5,3'-triiodothyronine (T3), assays that examine ligand binding and activation of the thyroid hormone receptor, and in vivo assays that examine the effects of antithyroid agents and thyromimetics in mammalian and nonmammalian wildlife models. The workshop focused on chemicals that alter thyroid gland function through pharmacodynamic means and did not include chemicals that were directly cytotoxic to the thyroid gland. The purpose of the workshop was not to recommend a screening battery or to deal with policy issues pertaining to the use of such screens; the product of the workshop was intended to describe and evaluate the methods that are currently available or could be developed in the near future for screening and testing.
Thyroid Function and Regulation
The thyroid gland produces T4 and T3. Thyroid hormones (THs) have two predominant functions. The first is a critical role in growth and development. One of the clearest examples of the importance of THs in growth and development is the metamorphosis of amphibians, in particular the metamorphosis of tadpoles into frogs (7) (8) (9) . Other examples of the importance of THs in development are the transformation of salmon from freshwater-dwelling par to seawater-dwelling smolts (10, 11) , flounder metamorphosis (12) , and development of the central nervous system in humans and other mammals (13, 14) . In humans, severe Workshop Summary * DeVito et al.
hypothyroidism during development results in cretinism (15, 16) . The second major function of THs is to maintain metabolic homeostasis in mammals (17) .
The synthesis and storage of TH predominately occurs in the thyroid gland and the synthesis is regulated by the pituitary hormone, thyroid-stimulating hormone (TSH). Most of the TH in the thyroid is present as T4. Although a small proportion of thyroid-localized TH is T3, most T3 comes from the deiodination of T4 by tissue specific deiodinases. The processes involved in the synthesis, storage, release, transport, and metabolism of THs are complex and consist of the following: 1) uptake of iodide ion by the thyroid gland; 2) oxidation of iodide and the iodination of tyrosine residues within thyroglobulin; 3) coupling of iodotyrosine residues to produce iodothyronines; 4) proteolysis of thyroglobulin and release of T4 and T3 into the blood; 5) binding to serum transport proteins; 6) target tissue synthesis of T3 from T4; 7) catabolism of T4 and T3 in peripheral tissues; and 8) catabolism and biliary elimination of THs in the liver. There are many examples of pharmaceutical, environmental, and naturally occurring chemicals that alter one or more of these processes in mammals; they have been reviewed by Hill et al. (18) , Atterwill and Aylward (19) , , and Gaitan (21) .
The actions of thyroid hormones are mediated by their interaction with nuclear thyroid hormone receptors (TR). There are four known isoforms of TR that are derived from two genes-c-erb~A beta (TR betal and beta2 ) and c-erb-A alpha (TR alpha, and alpha2) (22) . TR alpha2 does not bind TH.
These receptors are part of the steroid receptor super family (23) and are the cellular homologs of the oncogene c-erb-A. These nuclear receptors share a common structure in that they have a ligand-binding domain in the carboxy-terminal region of the receptor protein and a DNA-binding domain in the amino-terminal region (22.23) . The TRs can modulate the expression of thyroid-responsive genes by binding to specific base pair sequences, known as thyroid hormone response elements (TREs) in the regulatory region of these genes. TRs form homodimers and heterodimers with other nuclear receptors such as the retinoid X receptor (RXR). In addition, TRs form complexes with a number of additional modulating and accessory proteins involved in gene transcription. The affinity of TRs is 10-20 times greater for T3 than for T4 (24, 25) .
There are several sites in the synthesis, transport, and metabolism of THs that can be altered by xenobiotics. In addition, it is possible that xenobiotics can alter TH signaling through the TR either by directly binding to TR or indirectly by altering phosphorylation of TR or through interactions with other accessory proteins. Unlike the estrogen receptors, there is little evidence of environmental chemicals binding the TR. However, the hypothesis that some environmental chemicals may bind to TR, resulting in toxicologic responses, has not been adequately tested. Because of the complexity of TH function and regulation, it is unlikely that a single assay will be available to detect chemicals that act on any or all of these pathways. The utility of a screen depends on its specificity (the response pathognomonic for alterations in thyroid function), sensitiviry ( (27, 28) . When designing experiments to examine the effects on serum THs, we must consider this compensatory mechanism and appropriate temporal relationships must be examined.
Another difficulty in determining seruLma concentrations of THs and TSH is their responsiveness to stress and time of day of sampling. For example, transporting animals from one room to another will increase TSH and T3 by approximately two-fold over a 1-hr period, with initial increases occurring within 5 min (29) . Circadian rhythms of THs occur in rats with peak serum concentrations occurring at approximately noon (29) . In addition, there is some evidence of alterations in TH concentrations associated with stages of the estrous cycle (29) . THs also change with age and increase strikingly in male rats from postnatal day 33 to 50 (29) . These and several other confounding factors are reviewed by Dohler et al. (29) . The determination of serum concentrations of THs requires careful consideration of these factors, particularly for weakly goitrogenic chemicals. Finally, detecting small changes in serum TSH and TH concentrations can be problematic because of the large interanimal variability, whereas small changes in TSH (20-30%) can have significant impact on thyroid gland function (25, 26) . Statistically significant changes in TSH can be detected if adequate sample sizes are used.
In humans, free T4 and TSH serum concentrations are the preferred assays to assess thyroid function. In experimental animals, researchers have measured both free and total T4 as well as T and TSH serum concentrations (27, (30) (31) (32) (33) . An area that lacks adequate experimental data is the exact time course of the compensatory mechanism for the different classes of chemicals which alter serum TH concentrations. Time-course data for inducers of uridine diphosphate glucuronyltransferase (UDP-GT) indicate that continued dosing with these chemicals for 7, 14, and 25 days produces alterations in serum TH concentrations (27, 30, 31, 34) . Histologic changes in the thyroid or changes in thyroid weight occurred following 14 days of dosing (27, 28, 30, 34) . There has been no systematic attempt to determine the time course of the compensatory response to decreases in serum TH concentrations following exposure to different classes of chemicals that alter serum TH concentrations through different mechanisms.
The compensatory increases in TSH result in proliferation of the follicular cells in the thyroid gland. These changes can be detected histologically as increased follicular cell numbers and as increases in thyroid gland weight (28, 35) . These histologic changes appear less sensitive to confounders described previously and may provide a better assessment of thyroid function than serum hormone concentrations. Similar dose-response relationships among decreases in serum hormone concentrations, histologic changes in the thyroid, and increases in thyroid weight were observed in rats administered sulfamethazine for 4 weeks (27) . Furthermore, the use of thyroid weights and histology may allow for screening chemicals previously tested in subchronic studies. Caution is required for studies examined during the 1970s, however, because follicular cell hypertrophy indicative of TSH stimulation was not considered pathologic change and may not have been reported. Caution must be used when using histologic changes as a screen; there are examples of chemicals that decrease THs without altering thyroid histology (30 (23, 35) . Future efforts to determine the most appropriate time point and exposure regimen for examining serum TH concentrations are recommended. Again, caution must be used if thyroid histology alone is used as the marker for chemicals that disrupt THs because there is evidence of chemicals altering THs without altering thyroid histology.
Assays for chemicals that alter synthesis, secretion, transport, and catabolism of thyroid hormones. Changes in serum concentrations of THs can be caused by chemicals that inhibit thyroid hormone synthesis, release, and transport, and by chemicals that increase metabolism of THs. If a chemical decreases serum TH concentrations, specific assays can be used to determine the mechanism by which these hormone concentrations are decreased. These assays may be of value in screening for chemicals that act through specific mechanisms. The assays described examine the synthesis and regulation of serum concentrations of THs.
Peroxidase assay. Thyroid peroxidases (TPOs) are the key enzymes in the synthesis of THs. There are a number of classes of synthetic chemicals that inhibit thyroid peroxidase, e.g., thionamides such as propylthiouracil, aromatic amines such as sulfathiazole, and polyhydric phenols such as resorcinol (18) (19) (20) (21) . In addition, there are a number of naturally occurring chemicals that inhibit thyroid peroxidase, such as goitrin, which is found in turnips and other cruciferous vegetables (35) , and flavonoids, which are found in other plant products (36) . TPOs have two functions: first is the iodination of tyrosine residues on thyroglobulin, and second is the coupling of specific di-and triiodotyrosyl residues on thyroglobulin. The iodination reaction can be readily determined using bovine serum albumin or tyrosine as substrates (36) . In addition, the oxidation of guaiacol can be used as an indicator of thyroid peroxidase activity (327). All chemicals that inhibit the iodination reaction also inhibit the coupling reaction (38) . The coupling reaction can be assayed using either human low iodine thyroglobulin, preiodinated casein, or guaiacol as substrates.
A (32) and LPO has been used as a model for TPO actions (37) . Although TPO can be purified from experimental animals, the size of the gland is extremely small in rodents, and purification of rodent TPO would be impractical as a source of enzymes for a widely used screen.
One of the advantages of the TPO assay is that the sensitivity to chemical inhibition of thyroid peroxidase from human and experimental animals can be directly examined. In vitro studies have shown that TPO from monkeys is more resistant to inhibition by propylthiouracil (PTU) and sulfamethazine than is TPO from rodents (359. Comparisons of the relative sensitivity of TPO across species would assist in risk assessment for chemicals that inhibit TPO activity. The iodination and coupling assays are specific for chemicals that inhibit TH synthesis and are unlikely to produce false positives. However, used alone as a screen, these assays have high potential for false negatives, as chemicals that alter TH concentrations through other mechanisms would not be detected. These assays have been performed for many years, are well established in the scientific literature, and numerous chemicals have been tested using these assays. Although there are no published methodologies that can be defined as high through-put screens, modification of this assay into a high through-put screen is under development in several laboratories.
Perchlorate discharge test. Perchlorate competes with iodide for thyroid uptake and could also promote the efflux of iodide from the follicular cells (34, 40, 41) . A perchlorate discharge test has been used for decades in both animals and humans to detect iodide organification defects (34, (40) (41) (42) (43) (63) . There are also tissue-specific and isoform-specific changes in deiodinases following thyroidectomy and T4 and T3 replacement in rats (59) . Deiodinase assays have been used for decades to understand the metabolism of THs. Because the activity of these enzymes is dependent on the serum concentrations of these hormones, these assays would be sensitive toward chemicals that alter serum TH concentrations. However, alterations in deiodinase activity also alter serum TH concentrations. The relationship between serum TH concentrations and deiodinase activity may decrease the usefulness of this assay as a screen. If serum TH concentrations are changed by deiodinase inhibitors, it may be easier to measure serum TH concentrations than it is to determine deiodinase activity. Similar to many of the assays described above, these assays have greater utility in understanding the mechanism of action of a chemical rather than as an initial screen.
Glucuronidation assays. Glucuronidation followed by biliary elimination of T4 is one of the major pathways of deactivation of T4. In humans there is evidence of sulfation of T4 as well. In mammals, there are at least three isoforms of UDP-GT that glucuronidate T4 (64) . Several classes of chemicals induce UDP-GTs responsible for the glucuronidation of T4 (17, 23, 31, 32 (19) . The structure-activity relationships for binding to the nuclear thyroid hormone receptor have been determined using crude nuclear homogenates (20, 21) (24, 25, (66) (67) (68) (69) isoforms. An advantage of the transfection assays is that chemicals that alter TR activation through mechanisms not involving direct binding to TR would be detected in these assays. Another advantage of these assays is that they are readily adapted to high through-put screens.
A major disadvantage of these in vitro screens is the lack of metabolic capability of the cells or assays. It is possible that the metabolites of some chemicals would produce these effects and not the parent compound. The cell lines typically used in these assays have limited ability to metabolize the test compounds, particularly persistent organic pollutants such as the polychlorinated biphenyls (PCBs) and the dioxins. The transformation assays in yeast have additional drawbacks in that for many chemicals entry into the yeast is limited because of the cell wall.
GH3 cell assay for thyroid hormone action. An in vitro bioassay has been designed that can detect TR agonists (77) .
This assay uses the rat pituitary tumor cell line GHM . The growth of these cells are dependent on TH when plated at low-density in serum-free medium (77) . In addition, the morphology of these cells is also altered by THs in a dose-dependent manner. One form of the assay measures cell proliferation in response to TR agonists by the determination of the transformation of monotetrazolium (MTT) tetraxolium salt into MTT fromazan by mitochondrial enzymes (77) . This assay is performed on microwell plates and can be considered a high through-put screen. Although this assay is relatively new, it has the potential to provide information as a screen for chemicals that activate TR. Section summary. Although there are no known environmental chemicals that act as either TR agonists or antagonists, there are dear examples of environmental chemicals, both synthetic and naturally occurring, that bind to the estrogen receptor and act as agonists, antagonists, or partial agonists (3). In addition, there are several chemicals found in the environment that act as antiandrogens (78) . Although the hypothesis that environmental chemicals bind TR has been proposed, it has not been adequately tested. Recent methodological developments resulting in high through-put assays could be performed on a limited number of chemicals to test this hypothesis. However, broad-based screening should reflect known biologic mechanisms and at this time there is no evidence of any xenobiotic binding to the thyroid receptor.
Developmental assays. The role of THs in developing humans and other animals is well documented. Hypothyroidism during development leads to permanent alterations in a number of organ systems including the central nervous system and the male reproductive system. The sensitivity of developing animals may provide models for testing and screening chemicals that alter thyroid hormone catabolism or interfere with thyroid hormone signaling.
Neurodevelopmental assays. The development of the central nervous system is dependent on thyroid hormones for control of neuronal proliferation, initiation of neuronal differentiation, formation and development of neuronal processes, and timely myelinization of the neurons (14 (86) . Exposure to PTU in drinking water from gestational day 18 to postnatal day 25 produces delays in eye opening, reduced body weights, decreased or delayed preweaning motor activity, and increased postweaning motor activity (87) . Similar to humans, developmental hypothyroidism in rodents permanently alters auditory function (87, 88) . These behavioral assays can be used to detect hypothyroidism; however, most of these behavioral changes may not be specific to hypothyroidism and have the potential for a high rate of false negatives. More importantly, these behavioral changes occur only when there are significant decreases in serum T4
concentrations (87, 88 (104, 105) . In conjunction with T3, corticosterone accelerates metamorphosis at later stages of development (106) . Circulating prolactin concentrations increase toward the end of metamorphosis (7) and prolactin down regulates TR expression, apparently modulating the stimulatory action of T (107) . Chemicals that alter tadpole deve?opment may not interact directly with TRs or directly alter TH concentrations, but may act indirectly by altering other endocrine pathways. In addition, chemicals that alter calcium homeostasis, such as calmodulin antagonists, also alter metamorphosis (108) . The tadpole metamorphosis assay may be a valuable tool for screening chemicals that alter TH signaling pathways either directly or indirectly.
One disadvantage of the tadpole assay is that it has not been validated and several questions need to be answered prior to use of this assay as a screen. There are a number of different classes of chemicals that alter TH synthesis, transport, and catabolism. Few of these chemicals have been examined in this assay. It is not clear whether the tadpole will respond to different inducers of UDP-GT in a manner similar to mammals or even to other aquatic species. Clearly this assay requires further validation and standardization prior to use as a screen. Section summary. THs are critical in development for nonmammalian wildlife and there are examples of chemicals that alter THs and produce alterations in nonmammalian wildlife. Many of the assays discussed for mammalian system can be used for nonmammals provided these assays are sufficiently modified to examine the nonmammalian species of interest. The tadpole metamorphosis assay is potentially useful as a screen but requires further validation and standardization. Screening for chemicals using either thyroid histology or serum TH concentrations in mammals should provide tests that would produce few false negatives or false positives. Subchronic studies in mammals examining thyroid histology provide the most useful measure of a chemical's thyrotoxic potency and efficacy. However, these assays are not necessarily screens, and they require dosing animals for at least 2-6 weeks to observe consistent responses. Determination of serum TH concentrations in short-term tests may provide an adequate initial screen for chemicals in mammals. The exact dosing regimen and time course for these responses have not been adequately examined in the published literature. Determination of serum TH concentrations and thyroid histology may also be of value in teleosts; however, indices of peripheral T3 production are also required to evaluate thyroid status and should be included when determining the effects of chemicals on teleosts.
Conclusion

